Featured Application: This work deals with recycling materials for pavement application purposes. It shows a new potential use for a specific plastic waste material with a limited demand (cross-linked polyethylene waste), which can be applied as an aggregate substitute and/or binder modifier for asphalt mixtures, thus adding value to the whole paving solution.
Introduction
The contemporary Society is stimulated by consumption, resulting in increasing demands for the use of scarce natural resources and in the production of large amounts of waste. This unsustainable scenario is also observed in the road infrastructure sector, where significant amounts of construction and demolition waste are sent to landfills every year. Therefore, the development of solutions that promote road pavement durability and reduce the amount of waste shall be promoted. Furthermore, several other wastes are difficult to recycle and may even need some treatment before being disposed. Taking that into account, it would be interesting to use wastes to improve the performance of road pavements.
Among the wastes used in road pavements, reclaimed asphalt pavement (RAP) materials are those that have been most successfully incorporated [1, 2] , even though some sort of rejuvenation additive may be needed [3, 4] . Nevertheless, there are other wastes with high potential to be used in this type of application. Plastic wastes are one of the most promising solutions [5] , while millions of for an additional comparison, taking into account that the use of plastic waste may change the base 50/70 bitumen into a PMB.
The plastic waste applied in this study was a cross-linked polyethylene (PEX), mainly recovered from pipe, tubing and electrical cables, and it was supplied by Gintegral S.A., Póvoa de Varzim, Portugal. This material is composed of particles with a lamellar flake shape and an equivalent diameter (Ø eq ) ranging between 0.5 and 10.0 mm. In order to reduce their size and lamellar shape, PEX flaxes were ground to obtain smaller particles with a nominal diameter between 0.5 < Ø eq (mm) < 4.0.
Characterization of the Plastic Waste Material Used
First, the PEX waste was characterized in order to assess its main properties, which may directly influence the design of asphalt mixtures or their future performance in the pavement.
Taking into account that PEX will be used as aggregate substitute, it is essential to evaluate its grading curve (according to EN 933-1 standard) and particle density (EN 1097-6 standard). In fact, the results of these tests will be taken into consideration when designing the asphalt mixture, namely to adjust its grading curve.
Almost all PEX material is made from high-density polyethylene, containing cross-linked bonds in the polymer structure that change the thermoplastic to a thermoset nature. The cross-linking process can be more or less effective, but it is never complete. In fact, a higher degree of cross-linking could result in brittleness of the material, while a lower degree of cross-linking could result in products with poorer physical properties, especially at elevated temperatures. In this study, the PEX waste will be mixed with bitumen and aggregates at very high temperatures. It is not expected that the cross-linked part of PEX will be changed during the mixing phase, thus working as an aggregate substitute, while the remaining part will certainly interact with the base bitumen, modifying its properties. Thus, it is very important to assess the GEL content, or degree of cross-linking, of PEX waste, which can be carried out according to the ASTM D2765 standard. In order to quantify the amount of PEX waste that cannot melt, a sample with a known mass is immersed in xylene and boiled for 24 h and then the remaining sample is dried and weighed.
Finally, DSC tests were performed in order to evaluate the melting temperature of the PEX portion that is not cross-linked, which should be lower than the asphalt mixing temperature to ease the bitumen modification. The DSC tests were carried out in a DSC Diamond Pyris, Waltham, MA, U.S.A. About 10 mg of sample was sealed in an aluminium capsule, and then the following protocol was applied: two heating and one cooling cycle ranging from −40 • C to 160 • C at a rate of 10 • C/min. The two heating cycles should provide the same thermal history for the entire sample in order to assure that this range of temperatures used for asphalt production does not change the polymer properties.
Definition of the Asphalt Mixtures to Be Studied and Their Aggregate Grading Curves
The mineral aggregates and the filler were also characterized regarding their grading curves, according to the EN 933-1 standard. By knowing the gradation of all aggregates, including the PEX waste, it is possible to calculate the amount of each material to be used in order to fit the standard grading limits of the asphalt mixture to be produced in this work, i.e., an AC 14 surf mixture (Portuguese annex of standard EN 13108-1).
The main objective of this work is to incorporate a significant amount of PEX in an asphalt mixture for a road pavement surface layer and compare its performance with a conventional mixture without PEX. Thus, two comparable asphalt mixtures were defined in this work to carry out the study: (i) a conventional mixture with only mineral aggregates; (ii) a new mixture incorporating PEX, with 5% of PEX by volume of the aggregates used in the mixture. Taking into account that polymer modifiers are typically included only as a small percentage of the bitumen, the amount of PEX used in this work is remarkably high, in order to highlight the outcomes of this solution. The calculated amounts of each aggregate fraction and PEX waste used in both asphalt mixtures, with or without PEX, in order to fit their gradation within the limits of an AC 14 surf mixture are presented in the Table 1 . The aggregate grading curves of the different mineral aggregates, filler and PEX waste are presented in Figure 1a . Then, by using the amount of each aggregate fraction and PEX waste previously presented, the aggregate grading curves of the conventional mixture (without PEX) and the mixture incorporating PEX are presented in Figure 1b , perfectly adjusted to the standard limits of the AC 14 surf mixture. The calculated amounts of each aggregate fraction and PEX waste used in both asphalt mixtures, with or without PEX, in order to fit their gradation within the limits of an AC 14 surf mixture are presented in the Table 1 . The aggregate grading curves of the different mineral aggregates, filler and PEX waste are presented in Figure 1a . Then, by using the amount of each aggregate fraction and PEX waste previously presented, the aggregate grading curves of the conventional mixture (without PEX) and the mixture incorporating PEX are presented in Figure 1b , perfectly adjusted to the standard limits of the AC 14 surf mixture. PEX waste presents a 0.5/4 dimension, which will partially substitute the coarser part of 0/4 mineral dust. It should be noted that these dimensions could be changed in future studies, namely by further reducing the PEX size in order to increase the interaction with bitumen, but the industry costs associated with this operation shall be taken into consideration.
It can also be observed that the particle size distribution obtained for both asphalt mixtures, with or without PEX, is almost equivalent. Thus, the performance of both mixtures can be compared without direct influence of their gradation, which should only be influenced by PEX waste.
Evaluation of Asphalt Binder Characteristics after Interaction with the Plastic Waste
The use of PEX waste in an asphalt mixture, incorporated by the dry process as an aggregate substitute, will also cause the modification of the base bitumen used in the mixture because PEX is not totally cross-linked. Thus, the direct influence of the melting part of PEX waste in the properties of the base bitumen 50/70 was evaluated in this work because the polymer may be able to modify the PEX waste presents a 0.5/4 dimension, which will partially substitute the coarser part of 0/4 mineral dust. It should be noted that these dimensions could be changed in future studies, namely by further reducing the PEX size in order to increase the interaction with bitumen, but the industry costs associated with this operation shall be taken into consideration.
The use of PEX waste in an asphalt mixture, incorporated by the dry process as an aggregate substitute, will also cause the modification of the base bitumen used in the mixture because PEX is not totally cross-linked. Thus, the direct influence of the melting part of PEX waste in the properties of the base bitumen 50/70 was evaluated in this work because the polymer may be able to modify the binder during the short period of asphalt mixture production [13] when PEX and bitumen can interact at very high temperatures.
In order to simulate the interaction between the bitumen and the PEX waste during the asphalt mixture production, a PEX modified binder was produced by mixing the PEX with bitumen for 2 min at 180 • C (reproducing the time and temperature used for asphalt mixture production), in an IKA blender at 250 rpm (Figure 2a) . The amounts of PEX waste and 50/70 bitumen used to produce the PEX modified binder were proportional to those used for asphalt mixture production. The amount of PEX used in the asphalt mixture is 5% by volume of aggregates, which corresponds to approximately 1.8% by weight due to the low density of PEX in comparison with that of the mineral aggregates. For an asphalt mixture with a bitumen content of 5% (typical value for AC 14 surf mixtures), the amount of PEX waste will be 1.71% by weight of the entire mixture, corresponding to 34.2% by weight of 50/70 bitumen. Thus, in order to produce 1000 g of PEX modified binder, 745 g of bitumen and 255 g of PEX were used. At the end of the mixing process, the binder was filtered with a metal mesh (sieve size of 0.5 mm) in order to separate the cross-linked part of PEX waste (Figure 2b ) from the binder that was modified with the melted part of PEX, which will be further characterized to evaluate the actual modification process. binder during the short period of asphalt mixture production [13] when PEX and bitumen can interact at very high temperatures. In order to simulate the interaction between the bitumen and the PEX waste during the asphalt mixture production, a PEX modified binder was produced by mixing the PEX with bitumen for 2 min at 180 °C (reproducing the time and temperature used for asphalt mixture production), in an IKA blender at 250 rpm (Figure 2a) . The amounts of PEX waste and 50/70 bitumen used to produce the PEX modified binder were proportional to those used for asphalt mixture production. The amount of PEX used in the asphalt mixture is 5% by volume of aggregates, which corresponds to approximately 1.8% by weight due to the low density of PEX in comparison with that of the mineral aggregates. For an asphalt mixture with a bitumen content of 5% (typical value for AC 14 surf mixtures), the amount of PEX waste will be 1.71% by weight of the entire mixture, corresponding to 34.2% by weight of 50/70 bitumen. Thus, in order to produce 1000 g of PEX modified binder, 745 g of bitumen and 255 g of PEX were used. At the end of the mixing process, the binder was filtered with a metal mesh (sieve size of 0.5 mm) in order to separate the cross-linked part of PEX waste ( Figure  2b ) from the binder that was modified with the melted part of PEX, which will be further characterized to evaluate the actual modification process. At the end of this process, the filtered binder was characterized according to the EN 12591 standard. The basic characterization included penetration at 25 °C (EN 1426) and softening point or ring and ball (R&B) temperature (EN 1427) tests. Dynamic viscosity tests were also carried out in a Brookfield viscometer (EN 13302 standard) in order to evaluate the behaviour at mixing and compaction temperatures. The base bitumen (50/70) and a commercially available PMB (PMB 45/80-60) were also characterized using the same test protocol for comparison purposes and also because they will be used for the production of asphalt mixtures.
Design of the Asphalt Mixtures Incorporating PEX
The design of the conventional AC 14 surf mixtures without PEX has been previously presented [23, 24] , and the optimum binder content was found to be 5.0%. The same value was used in this work to produce the asphalt mixtures with mineral aggregates. However, the design of the asphalt mixtures incorporating PEX was performed for the first time in this work.
Taking into account the higher absorption of bitumen by the PEX waste in comparison with mineral aggregates, and the partial interaction of those two materials, it is expected that a higher binder content would be required to produce the new asphalt mixtures with PEX. Thus, the design of these mixtures was carried out according to the Portuguese annex of the NP EN 13108-1 standard, but only using three binder contents equal or higher than those of the conventional mixture (i.e., 5.0, 5.5 and 6.0%). The optimum binder content to be determined is the average value of the binder contents that results in the maximum Marshall stability (EN 12697-34 standard), an air void content At the end of this process, the filtered binder was characterized according to the EN 12591 standard. The basic characterization included penetration at 25 • C (EN 1426) and softening point or ring and ball (R&B) temperature (EN 1427) tests. Dynamic viscosity tests were also carried out in a Brookfield viscometer (EN 13302 standard) in order to evaluate the behaviour at mixing and compaction temperatures. The base bitumen (50/70) and a commercially available PMB (PMB 45/80-60) were also characterized using the same test protocol for comparison purposes and also because they will be used for the production of asphalt mixtures.
Taking into account the higher absorption of bitumen by the PEX waste in comparison with mineral aggregates, and the partial interaction of those two materials, it is expected that a higher binder content would be required to produce the new asphalt mixtures with PEX. Thus, the design of these mixtures was carried out according to the Portuguese annex of the NP EN 13108-1 standard, but only using three binder contents equal or higher than those of the conventional mixture (i.e., 5.0, 5.5 and 6.0%). The optimum binder content to be determined is the average value of the binder contents that results in the maximum Marshall stability (EN 12697-34 standard), an air void content of 4.0% for AC 14 surf mixtures (EN 12697-8) and the maximum bulk density (EN 12697-6, procedure B).
A complementary validation study was also performed to confirm the Marshall Mix design results by evaluating the water sensitivity (EN 12697-12 standard) of the mixtures with PEX for those three binder contents. The main result of this test is the ITSR, which is the ratio between the average indirect tensile strength test (EN 12697-23) results from a group of three specimens immersed in water (ITSw) and another group of three similar specimens tested under dry conditions (ITSd). The design and validation study of the asphalt mixtures with PEX allowed determination of the binder contents to use in the production of these mixtures for additional performance evaluation.
After defining the composition of all mixtures, two mixtures without PEX (with 50/70 and PMB 45/80-60 binders) and three mixtures with PEX ( Figure 3a) were produced in order to obtain all test samples (Figure 3b ) necessary to carry out several performance-related tests. A complementary validation study was also performed to confirm the Marshall Mix design results by evaluating the water sensitivity (EN 12697-12 standard) of the mixtures with PEX for those three binder contents. The main result of this test is the ITSR, which is the ratio between the average indirect tensile strength test (EN 12697-23) results from a group of three specimens immersed in water (ITSw) and another group of three similar specimens tested under dry conditions (ITSd). The design and validation study of the asphalt mixtures with PEX allowed determination of the binder contents to use in the production of these mixtures for additional performance evaluation.
After defining the composition of all mixtures, two mixtures without PEX (with 50/70 and PMB 45/80-60 binders) and three mixtures with PEX ( Figure 3a) were produced in order to obtain all test samples ( Figure 3b ) necessary to carry out several performance-related tests. 
Performance Evaluation of Studied Asphalt Mixtures
The performance related tests included the determination of the water sensitivity, rutting resistance, stiffness modulus and fatigue resistance of the studied asphalt mixtures.
The design of a bituminous road pavement involves the definition of a structure that ensures the capacity of withstanding the loads applied by vehicles and by weather conditions. The mechanical properties of the bituminous mixtures to be used in the road structure should be evaluated, such as the stiffness modulus, phase angle, and pavement resistance to failure mechanisms such as cracking due to fatigue and permanent deformation.
Among the resistance to the weather conditions, the evaluation of asphalt mixture water sensitivity is very important, since this property is directly related to the performance of the road pavement. This property was determined by the EN 12697-12 standard. The indirect tensile strength test was carried out according to the EN 12697-23 standard, after a volumetric characterization of the specimens to determine the air void content, which significantly influences the results.
The rutting resistance of the mixtures was assessed by means of the wheel tracking test (WTT), according to the EN 12697-22 standard, using the procedure B (in air), with a standard wheel load of approximately 700 N. The test was carried at a temperature of 50 °C, being representative of our country's hotter summer days.
The stiffness modulus test was carried out on prismatic specimens, using the four-point bending configuration (4PB-PR), according to the EN 12697-26 standard. The test was carried out at 10, 20, 30 and 40 °C for a range of frequencies (0.1, 0.2, 0.5, 1, 2, 5, 8 and 10 Hz). Based on the principle of superposition time temperature, used to relate the equivalence between frequency and temperature, it was possible to construct master curves, in this case using 20 °C as temperature of reference. The results are represented by the stiffness modulus and the phase angle, which are the most relevant properties of viscoelastic materials such as asphalt mixtures. 
The rutting resistance of the mixtures was assessed by means of the wheel tracking test (WTT), according to the EN 12697-22 standard, using the procedure B (in air), with a standard wheel load of approximately 700 N. The test was carried at a temperature of 50 • C, being representative of our country's hotter summer days.
The stiffness modulus test was carried out on prismatic specimens, using the four-point bending configuration (4PB-PR), according to the EN 12697-26 standard. The test was carried out at 10, 20, 30 and 40 • C for a range of frequencies (0.1, 0.2, 0.5, 1, 2, 5, 8 and 10 Hz). Based on the principle of superposition time temperature, used to relate the equivalence between frequency and temperature, it was possible to construct master curves, in this case using 20 • C as temperature of reference. The results are represented by the stiffness modulus and the phase angle, which are the most relevant properties of viscoelastic materials such as asphalt mixtures.
The fatigue resistance of the studied mixtures was also determined using the four-point bending beam test procedure, according to the EN 12697-24 standard. The tests were carried out at 20 • C, in strain control mode, and using a frequency of 10 Hz. The fatigue laws of the studied mixtures can be represented by Equation (1):
which relates the level of extension applied in the test (ε t ) with the number load cycles (N) that cause test specimen failure (reduction of stiffness to half of its initial value), and where a, b are coefficients determined experimentally.
Results and Discussion

Properties of the Plastic Waste Material
In this work, the PEX waste is the new material applied, originally, in asphalt mixtures. The results of its experimental characterization are presented below, according to the methodology presented in Section 2.2.
The particle density of PEX waste at 25 • C was evaluated as being 938.6 kg/m 3 . This value is slightly lower than that of bitumen (nearly 1030 kg/m 3 ), but is clearly lower than that of mineral aggregates (nearly 2650 kg/m 3 ) that PEX is partially substituting. The knowledge of this value was crucial to calculate important volume and weight proportions between the different materials used in the asphalt mixtures. Furthermore, the grading curve of the ground PEX waste particles, previously presented in Figure 1a , was also essential to adjust the grading curve of the new asphalt mixtures with PEX within the standard limits of an AC 14 surf mixture.
The ability of PEX particles (Figure 4a ) to partially melt under application of heat (180 • C) and pressure, specifically because they are not totally cross-linked, can be observed in Figure 4b . However, the cross-linked part of PEX is not changed by the presence of solvents, heat or pressure. The fatigue resistance of the studied mixtures was also determined using the four-point bending beam test procedure, according to the EN 12697-24 standard. The tests were carried out at 20 °C, in strain control mode, and using a frequency of 10 Hz. The fatigue laws of the studied mixtures can be represented by Equation (1):
which relates the level of extension applied in the test (εt) with the number load cycles (N) that cause test specimen failure (reduction of stiffness to half of its initial value), and where a, b are coefficients determined experimentally.
Results and Discussion
Properties of the Plastic Waste Material
The particle density of PEX waste at 25 °C was evaluated as being 938.6 kg/m 3 . This value is slightly lower than that of bitumen (nearly 1030 kg/m 3) , but is clearly lower than that of mineral aggregates (nearly 2650 kg/m 3 ) that PEX is partially substituting. The knowledge of this value was crucial to calculate important volume and weight proportions between the different materials used in the asphalt mixtures. Furthermore, the grading curve of the ground PEX waste particles, previously presented in Figure 1a , was also essential to adjust the grading curve of the new asphalt mixtures with PEX within the standard limits of an AC 14 surf mixture.
The ability of PEX particles (Figure 4a ) to partially melt under application of heat (180 °C) and pressure, specifically because they are not totally cross-linked, can be observed in Figure 4b . However, the cross-linked part of PEX is not changed by the presence of solvents, heat or pressure. The GEL content (or degree of cross-linking) of the PEX waste used in this work was determined to be 54%. This percentage of PEX will certainly not melt, working only as aggregate substitute, but the other part of PEX waste (nearly half of it) can melt and modify the asphalt binder during the production of asphalt mixtures, thus improving the mixture performance.
The calorimetry results (DSC) of PEX waste, presented in Figure 5 , can be used to evaluate the melting temperature of this material. The melting temperature of PEX particles obtained in the DSC was nearly 130 °C, for both heating cycles, which is within the typical melting temperature range of polyethylene materials. This value is clearly lower than the temperature used for asphalt mixture production (180 °C). Thus, the PEX waste, introduced in the asphalt mixture by the dry process, as The GEL content (or degree of cross-linking) of the PEX waste used in this work was determined to be 54%. This percentage of PEX will certainly not melt, working only as aggregate substitute, but the other part of PEX waste (nearly half of it) can melt and modify the asphalt binder during the production of asphalt mixtures, thus improving the mixture performance.
The calorimetry results (DSC) of PEX waste, presented in Figure 5 , can be used to evaluate the melting temperature of this material. The melting temperature of PEX particles obtained in the DSC was nearly 130 • C, for both heating cycles, which is within the typical melting temperature range of polyethylene materials. This value is clearly lower than the temperature used for asphalt mixture production (180 • C). Thus, the PEX waste, introduced in the asphalt mixture by the dry process, as aggregate substitute, could easily interact with the asphalt binder at those temperatures. 
Properties of the Asphalt Binders Used in This Study
Three binders were characterized in this part of the work: two commercially available binders selected for this study (base bitumen 50/70 and modified binder PMB 45/80-60) and the PEX modified binder obtained according to the process presented in Section 2.4. The basic properties (penetration and softening point or R&B temperature) of those binders are presented in Figure 6 . Although PEX particles are only able to melt partially and they have been interacting with bitumen for only 2 min, it becomes clear that PEX waste certainly modified the 50/70 bitumen properties. In fact, the use of PEX reduced the penetration value and increased the softening point result in comparison with the base bitumen 50/70, which should also increase the stiffness modulus and permanent deformation resistance of the new mixtures incorporating PEX.
The effect of PEX is more evident in the penetration test than in the softening point test, which is usual when modifying binders with polyethylene-based polymers [18] . Actually, the penetration of PEX modified binder is lower than that of PMB 45/80-60, while its softening temperature is far from being similar to the commercially available PMB. Therefore, the binder properties should be assessed, before and after interaction with PEX, in order to quantify the binder modification attributed to this waste material.
Three binders were characterized in this part of the work: two commercially available binders selected for this study (base bitumen 50/70 and modified binder PMB 45/80-60) and the PEX modified binder obtained according to the process presented in Section 2.4. The basic properties (penetration and softening point or R&B temperature) of those binders are presented in Figure 6 . 
The effect of PEX is more evident in the penetration test than in the softening point test, which properties. In fact, the use of PEX reduced the penetration value and increased the softening point result in comparison with the base bitumen 50/70, which should also increase the stiffness modulus and permanent deformation resistance of the new mixtures incorporating PEX.
The effect of PEX is more evident in the penetration test than in the softening point test, which is usual when modifying binders with polyethylene-based polymers [18] . Actually, the penetration of PEX modified binder is lower than that of PMB 45/80-60, while its softening temperature is far from being similar to the commercially available PMB.
The viscosity of the studied binders could give valuable information about the performance at very high temperatures, being helpful to define the mixing temperatures to be used for production of asphalt mixtures. Figure 7 shows the evolution of the dynamic viscosity of the studied binders at different temperatures. of asphalt mixtures. Figure 7 shows the evolution of the dynamic viscosity of the studied binders at different temperatures. It can be observed that the interaction between PEX waste and 50/70 bitumen resulted in a modified binder with increased viscosity, even though it is clearly lower than that of PMB 45/80-60. Thus, the modification of 50/70 bitumen by PEX waste changes its behavior in the whole range of temperatures of asphalt mixtures in service or during paving works.
Moreover, by evaluating the mixing equiviscosity (fine and dotted line at 0.3 Pa·s) temperatures of all binders used in this study, it was concluded that the asphalt mixtures with 50/70 binder, PEX modified binder and PMB 45/80-60 should be produced, respectively, at the temperatures of 150 °C, 160 °C and 180 °C. However, in order to increase the interaction between the PEX and the asphalt binders, and also by aiming at using the same production conditions for all mixtures, a single mixing temperature of 180 °C was selected to produce all mixtures, independently of the used binder.
Marshall Mix Design of Asphalt Mixtures Incorporating PEX Waste
As explained previously, the mixtures without PEX have already been designed and presented an optimum binder content of 5.0%. Therefore, two mixtures with 5% PEX waste were used in this part of the work, namely a mixture produced with 50/70 bitumen and another mixture produced with PMB 45/80-60. The Marshal Mix design results obtained are presented in Table 2 . It can be observed that the interaction between PEX waste and 50/70 bitumen resulted in a modified binder with increased viscosity, even though it is clearly lower than that of PMB 45/80-60. Thus, the modification of 50/70 bitumen by PEX waste changes its behavior in the whole range of temperatures of asphalt mixtures in service or during paving works.
Moreover, by evaluating the mixing equiviscosity (fine and dotted line at 0.3 Pa·s) temperatures of all binders used in this study, it was concluded that the asphalt mixtures with 50/70 binder, PEX modified binder and PMB 45/80-60 should be produced, respectively, at the temperatures of 150 • C, 160 • C and 180 • C. However, in order to increase the interaction between the PEX and the asphalt binders, and also by aiming at using the same production conditions for all mixtures, a single mixing temperature of 180 • C was selected to produce all mixtures, independently of the used binder.
As explained previously, the mixtures without PEX have already been designed and presented an optimum binder content of 5.0%. Therefore, two mixtures with 5% PEX waste were used in this part of the work, namely a mixture produced with 50/70 bitumen and another mixture produced with PMB 45/80-60. The Marshal Mix design results obtained are presented in Table 2 . These Marshall Test results showed that the optimum binder content should be between 5.0 and 5.5% for both mixtures with PEX, with the binder 50/70 and PMB 45/80-60. In fact, the results indicate that the optimum binder content of the mixture produced with the 50/70 pen bitumen may be closer to 5.0%, while the optimum binder content of the PMB 45/80-60 mixture should be 5.5%, taking into account the values of the air void content and permanent deformation obtained.
In order to better understand the effect of the binder content on the performance of these mixtures, water sensitivity tests were carried out on specimens produced with the same binder contents used in the Marshall Tests, i.e., 5.0%, 5.5% and 6.0%. The results of this additional water sensitivity study are presented in Figure 8 . These Marshall Test results showed that the optimum binder content should be between 5.0 and 5.5% for both mixtures with PEX, with the binder 50/70 and PMB 45/80-60. In fact, the results indicate that the optimum binder content of the mixture produced with the 50/70 pen bitumen may be closer to 5.0%, while the optimum binder content of the PMB 45/80-60 mixture should be 5.5%, taking into account the values of the air void content and permanent deformation obtained.
In order to better understand the effect of the binder content on the performance of these mixtures, water sensitivity tests were carried out on specimens produced with the same binder contents used in the Marshall Tests, i.e., 5.0%, 5.5% and 6.0%. The results of this additional water sensitivity study are presented in Figure 8 . The results presented in Figure 8 show that 5.0% binder content may not be enough to assure an adequate performance of the mixture. The ITSR test results have increased more significantly between the binder contents of 5.0 and 5.5% than between 5.5 and 6.0%. Therefore, based on both Marshall and water sensitivity tests results, the optimum binder content should be 5.5% for both mixtures with PEX. However, since the 50/70 binder is softer than the PMB 45/80-60, the former may result in a mixture more susceptible to permanent deformation. Thus, an additional mixture with the lower binder content (5.0%) was also produced and its performance evaluated, as presented in the following section.
Performance of Studied Asphalt Mixtures
The performance of the five mixtures was evaluated as previously specified in Section 2.6, and the results will be presented and discussed next, taking into account the mixture composition presented in Table 3 . The results presented in Figure 8 show that 5.0% binder content may not be enough to assure an adequate performance of the mixture. The ITSR test results have increased more significantly between the binder contents of 5.0 and 5.5% than between 5.5 and 6.0%. Therefore, based on both Marshall and water sensitivity tests results, the optimum binder content should be 5.5% for both mixtures with PEX. However, since the 50/70 binder is softer than the PMB 45/80-60, the former may result in a mixture more susceptible to permanent deformation. Thus, an additional mixture with the lower binder content (5.0%) was also produced and its performance evaluated, as presented in the ollowing section.
The performance of the five mixtures was evaluated as previously specified in Section 2.6, and the results will be presented and discussed next, taking into account the mixture composition presented in Table 3 . 
Volumetric Characteristics and Water Sensitivity of Studied Asphalt Mixtures
Before assessing the water sensitivity of the mixtures, the test specimens were volumetrically characterized. Thus, the maximum density of the mixtures was determined according to the procedure described in EN 12697-5, and the bulk density of all specimens was determined according to EN 12697-6, Procedure B. After that, the air void content of each specimen was calculated (EN 12697-8) , and the average values of the five asphalt mixtures were assessed (Table 4) . From the results obtained it was found that the volumetric characteristics of asphalt mixtures with PEX are different from those of mixtures with conventional aggregates. This is essentially related to the maximum density of the mixtures, which is much lower in the former due to the low density of PEX. This can be considered as one of the advantages of these mixtures, reducing its transportation costs and offering other advantages when applied on bridges or other structures intended to be lighter.
The results of the indirect tensile strength and water sensitivity tests obtained for the five mixtures are shown in Figure 9 . Before assessing the water sensitivity of the mixtures, the test specimens were volumetrically characterized. Thus, the maximum density of the mixtures was determined according to the procedure described in EN 12697-5, and the bulk density of all specimens was determined according to EN 12697-6, Procedure B. After that, the air void content of each specimen was calculated (EN 12697-8), and the average values of the five asphalt mixtures were assessed (Table 4) . From the results obtained it was found that the volumetric characteristics of asphalt mixtures with PEX are different from those of mixtures with conventional aggregates. This is essentially related to the maximum density of the mixtures, which is much lower in the former due to the low density of PEX. This can be considered as one of the advantages of these mixtures, reducing its transportation costs and offering other advantages when applied on bridges or other structures intended to be lighter.
The results of the indirect tensile strength and water sensitivity tests obtained for the five mixtures are shown in Figure 9 . Comparing the performance of the mixtures with the same binder type (50/70) and binder content (5.0%), but with and without PEX as aggregate, i.e., M1 and M3, the introduction of PEX slightly reduces the water sensitivity performance. However, when the binder content is increased by 0.5% (M4 or M5) in the mixtures with PEX, the situation is reversed, being the mixtures with the best performance in terms of water sensitivity. Comparing the performance of the mixtures with the same binder type (50/70) and binder content (5.0%), but with and without PEX as aggregate, i.e., M1 and M3, the introduction of PEX slightly reduces the water sensitivity performance. However, when the binder content is increased by 0.5% (M4 or M5) in the mixtures with PEX, the situation is reversed, being the mixtures with the best performance in terms of water sensitivity.
Permanent Deformation Resistance of Studied Asphalt Mixtures
The rut resistance test evaluates the susceptibility of asphalt materials to permanent deformation. It consists of measuring the depth of a rut formed after a number of load applications of a wheel over an asphalt slab at high temperature conditions. Figure 10 represents the rut depth measured, for each mixture, up to the 10,000th cycle, and the wheel-tracking slope (WTS AIR) calculated as the average rate at which the rut depth increases with repeated applications of a wheel load (mm/10 3 cycles), between the 5000th and the 10,000th cycles. By analysing the results obtained for the rut resistance, it can be concluded that the mixtures with PEX deformed much less than the mixtures with mineral aggregates. Looking at the performance results of M1 and M3 (same binder and binder content but with and without PEX as aggregate) the reduction in terms of deformation is very significant, which is also visible in the reduction of the WTSAIR value. When increasing its binder content by 0.5% (M4), the deformation increases, as expected when compared with M3, but the performance is still very good, being close to the performance to the PMB mixture without PEX (M2). Between the mixtures with PMB binder, the use of PEX also decreased the deformation, but in this case, its effect is not that significant.
Regarding the WTSAIR, the conclusions are similar. Thus, the asphalt mixtures with PEX have much better permanent deformation performance than the conventional mixture (M1).
Stiffness Modulus of Studied Asphalt Mixtures
Based on the test results of stiffness modulus and phase angle, carried out for a range of frequencies (0.1 to 10 Hz) at different temperatures, it is possible to predict the same parameters over a larger range of frequencies, from a reference temperature (20 °C), using the time-temperature superposition principle. The resulting curves (master curves) are presented in Figure 11 and cover a frequency range far beyond the experimentally accessible values. They were obtained by translation of each isotherm curve (0, 10, 30, 40 °C) based on the reference curve of 20 °C. In order to evaluate the applicability of this method, the horizontal translation factor should be overlapped by viscoelastic functions. The Arrhenius function was used for the construction of these master curves, and this process was performed using IRIS 9.0 software.
The conventional mixture M1 has lower values for the stiffness modulus at lower frequencies By analysing the results obtained for the rut resistance, it can be concluded that the mixtures with PEX deformed much less than the mixtures with mineral aggregates. Looking at the performance results of M1 and M3 (same binder and binder content but with and without PEX as aggregate) the reduction in terms of deformation is very significant, which is also visible in the reduction of the WTS AIR value. When increasing its binder content by 0.5% (M4), the deformation increases, as expected when compared with M3, but the performance is still very good, being close to the performance to the PMB mixture without PEX (M2). Between the mixtures with PMB binder, the use of PEX also decreased the deformation, but in this case, its effect is not that significant.
Regarding the WTS AIR , the conclusions are similar. Thus, the asphalt mixtures with PEX have much better permanent deformation performance than the conventional mixture (M1).
Based on the test results of stiffness modulus and phase angle, carried out for a range of frequencies (0.1 to 10 Hz) at different temperatures, it is possible to predict the same parameters over a larger range of frequencies, from a reference temperature (20 • C), using the time-temperature superposition principle. The resulting curves (master curves) are presented in Figure 11 and cover a frequency range far beyond the experimentally accessible values. They were obtained by translation of each isotherm curve (0, 10, 30, 40 • C) based on the reference curve of 20 • C. In order to evaluate the applicability of this method, the horizontal translation factor should be overlapped by viscoelastic functions. The Arrhenius function was used for the construction of these master curves, and this process was performed using IRIS 9.0 software. In terms of phase angle, only the conventional mixture (M1) showed values above 45° (tan δ higher than 1), i.e., M1 is the mixture that provides a more viscous behaviour, followed by mixture M2, while mixtures with PEX have a more elastic behaviour.
Generally, it becomes evident that PEX increased the stiffness moduli and reduced the phase angle values in comparison with the mixtures without this waste material.
Fatigue Cracking Resistance of Studied Asphalt Mixtures
In order to assess the fatigue cracking performance of the studied mixtures, 4 point bending beam tests were carried out at 20 °C. The results of those tests are presented in Figure 12 . The conventional mixture M1 has lower values for the stiffness modulus at lower frequencies (or high temperatures), which is in agreement with the permanent deformation results, followed by M2 (PMB mixture without PEX). The influence of the addition of PEX on stiffness modulus can be observed by comparing the results of M1 and M3 (50/70 pen bitumen, with and without PEX, respectively), these results showed that the addition of PEX increases the stiffness modulus, in a more noticeable way at low frequencies (or high operating temperatures). The same is observed for the mixtures with the PMB 45/80-60 binder (M2 and M5), and there is even an increase of 0.5% in the binder content. Looking at the results obtained for mixture M4, one could expect to obtain stiffness modulus values lower than those of mixture M3, due to its higher binder content. However, that behaviour was not observed, possibly due to the existence of a higher amount of bitumen available to interact with the PEX portion that was able to melt during the mixing operation, increasing its stiffness.
In terms of phase angle, only the conventional mixture (M1) showed values above 45 • (tan δ higher than 1), i.e., M1 is the mixture that provides a more viscous behaviour, followed by mixture M2, while mixtures with PEX have a more elastic behaviour.
In order to assess the fatigue cracking performance of the studied mixtures, 4 point bending beam tests were carried out at 20 • C. The results of those tests are presented in Figure 12 .
In order to assess the fatigue cracking performance of the studied mixtures, 4 point bending beam tests were carried out at 20 °C. The results of those tests are presented in Figure 12 . In Figure 12 , it can be observed that the fatigue performance of the mixtures with PEX is not higher than that of the mixtures without PEX and a similar binder content. However, an increase of 0.5% in the binder content of the 50/70 pen bitumen is enough to improve the fatigue performance of the mixture (M3). This behaviour can be explained by the nature of the polymer that is contained in the PEX (plastomer), which does not perform in the same way as the elastomer used in the PMB 45/80-60 mixtures (M2 and M5). In fact, the mixture with the best fatigue performance was M2, which contains only the natural aggregates and the elastomer modified binder.
From the fatigue life equations (fatigue cracking laws) of the studied mixtures, two main fatigue performance parameters, ε 6 and N100, were calculated (as specified in EN 12697-24 standard) and are presented in Table 5 . The ε 6 results, representing the strain level at which the mixture would fail after 1 million cycles, showed that for the same binder type and content (comparing M1 and M3), the addition of PEX slightly reduced the fatigue resistance. The increased binder content used in mixture M4 was not enough to assure a fatigue performance equivalent to that of mixture M1, although the ε 6 value was not significantly lower.
As previously observed in Figure 12 , the mixture with the best ε 6 value is M2, due to the increased flexibility given by the elastomeric additive used in the binder modification. However, if the binder content is increased by 0.5% a considerable amount of PEX could be introduced in the mixture, as aggregates, without compromising the performance of the mixture (M5), demonstrating that the use of PEX could be an interesting solution in ecological and technical terms.
Regarding the N100 values, which are the number of cycles corresponding to a test carried out at 100 microstrain, the mixtures produced with the PMB 45/80-60 binder are those that present the highest performance, which confirms the results presented in Figure 12 . For those mixtures, the addition of PEX, associated with a small increase in the binder content, resulted in the best performing mixture (M5), while in the mixtures produced with the conventional 50/70 pen bitumen, the addition of PEX did not have the same effect, even when a higher binder content was used.
Conclusions
According to the study presented in this manuscript, regarding the use of PEX as a partial substitute of aggregates and a binder modifier in asphalt mixtures, a series of conclusions can be drawn, as follows:
Cross-linked polyethylene (PEX) waste can be partially melted into hot bitumen, modifying the final properties of the resulting binder.
When incorporated into asphalt mixtures as an aggregate partial substitute, PEX reduces the density of the mixtures by about 5%, which may be an advantage in specific circumstances, namely, during transport and in the application over structural elements, like bridges.
Regarding the water sensitivity test results, the introduction of PEX was not able to improve the performance of the mixture, unless an increased binder content (0.5% higher) was used. Similar results were observed in the fatigue cracking resistance tests because polyethylene based polymers are not able to improve the flexibility of asphalt mixtures in the same way as the elastomeric polymers that were used in the PMB 45/80-60 mixtures.
Permanent deformation results of the mixtures with PEX were clearly better than those of the mixtures without PEX, even when higher binder contents were used. This is a result of the lower susceptibility to temperature variation of those mixtures, which can also be observed from their higher stiffness modulus and lower phase angle values. These properties are related to each other and can be seen as the main performance related improvements of incorporating PEX in asphalt mixtures.
The inclusion of PEX in asphalt mixtures is a viable solution that can assure adequate performance of a road pavement, especially when high service temperatures are expected. This technology also contributes to give new life to cross-linked polyethylene plastic waste. Nevertheless, further research should be carried out regarding low temperature and in situ performance, in order to validate this technology with a broader range of application, loading and climatic conditions.
